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Gene damage in cultured human alveolar (L-132) cells induced by exposure to dimethylarsinic acid (DMAA), a major metabolite of inorganic arsenics
in mammals, was studied. DNA single-strand breaks and DNA-protein cross-links were induced by the treatment of L-132 cells with 10 mM DMAA.
These kinds of damage appeared at 8 hr after start of exposure to DMAA. As regards DNA-protein cross-links, the DNA was found to bind not only
to core histone proteins but also linker histone (Hi) and nonhistone proteins. Furthermore, the cross-links were formed by the binding to serine or thre-
onine residues of Hi or nonhistone proteins through phosphate moieties of the DNA. The induction of the alkali-labile sites in DNA in DMAA-treated
L-132 cells was observed prior to that of DNA single-strand breaks and DNA-protein cross-links. As one of the alkali-labile sites in DNA, we esti-
mated apurinic/apyrimidinic (AP) sites in DNA. The present study suggests that the DNA single-strand breaks and DNA-protein cross-links induced
by the treatment of L-132 cells with DMAA occurred via the formation of AP sites in the DNA and that the DNA-protein cross-links were produced
by a Schiff-base reaction between amino groups of nuclear proteins and aldehyde groups of AP sites in the DNA and the DNA single-strand breaks,
by a ,-elimination reaction on AP sites in the DNA. - Environ Health Perspect 1 02(Suppl 3):285-288 (1994).
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Introduction
Although inorganic arsenics are epidemio-
logically proved to be carcinogenic for lung
and skin (1,2), experimental studies so far
have not succeeded in evidencing their car-

cinogenicity. On the other hand, among a

number of investigations on the genotoxicity
of inorganic arsenics, some data (3-6) have
suggested that inorganic arsenics are not

direct-acting mutagens, but act as co-

mutagens with other carcinogens, e.g.,

ultraviolet and alkylating agents, through
modification of the DNA repair process. In
fact, Li and Rossman reported that the
activity ofDNA ligase II was suppressed by
arsenite (7). However, many more studies
will be required to solve the genotoxic
action of inorganic arsenics.
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We have investigated genotoxic effects
of arsenics (8-16) and, of these arsenics, we
paid special attention to dimethylarsinic
acid (DMAA), a major metabolite of inor-
ganic arsenics in mammals. We found that
DMAA administration induced lung-specific
DNA damage in mice (10,11), and further,
estimated that the DNA damage might be
due to the dimethylarsenic peroxyl radical
[(CH )2AsOO ] and active oxygens pro-
duceJ in further metabolic processing of
the DMAA (12).

This article describes the gene damage
induced by exposure of L-132 cells, an
established human cell line of alveolar type-
II cells, to DMAA. We found that DNA
single-strand breaks (15) and DNA-protein
crosslinks (16) in L-132 cells were induced
by treatment with DMAA, as observed in
in vivo experiments (10,11), and assumed
that the damage might be induced via the
formation of apurinic/apyrimidinic (AP)
sites in DNA.

Materials and Methods
L-132 cells, an established human embry-
onic cell line of alveolar epithelial cells
(17), were obtained from ICN Biochemi-
cals Inc. (Costa Mesa, CA). The cells were
cultured in Eagle's minimal essential
medium (Nissui Pharmaceutical Co. Ltd.,

Tokyo, Japan) supplemented with 10%
fetal calf serum JRH Biosciences, Lenexa,
KS). The cells were incubated with 10 mM
DMAA in the medium in a humidified
atmosphere of 5% CO2 at 370C. [Methyl-
3H]thymidine ([3H]thyrmidine, 2.92
TBq/mmole) and L- [U- C] lysine.HCl
([ C]lysine, 9.99 GBq/mmole) were pur-
chased from ICN Biomedicals Inc. (Costa
Mesa, CA). For labeling of DNA and
nuclear proteins, the cells were grown for
20 to 24 hr in the medium containing 37
kBq/mL of [3H] thymidine and [14C]
lysine, respectively.

The alkaline elution method estab-
lished by Kohn et al. (18) was used to mea-
sure DNA single-strand breaks; and
alkaline agarose gel electrophoresis (19),
was used to measure alkali-labile sites in
DNA. To detect AP sites in DNA, DNA
was isolated by phenol extraction from L-
132 cells. The DNA was treated with a
restriction enzyme (Kpn I) and then sub-
jected to alkaline agarose gel electrophoresis.
The formation of DNA-protein cross-links
was determined according to the filter
binding assay described by Strniste and
Rall (20). For separation of DNA-nuclear
protein complexes, chromatin prepared
from L-132 cells according to the method
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Figure 1. DNA single-strand breaks induced by exposure
of L-132 cells to DMAA. L-132 cells were treated with
10 mM DMAA for 0 hr (O), 6 hr (-), 8 hr (A), 10 hr (A),
12 hr (C) in Eagle's MEM supplemented with 10% fetal
calf serum.

of Haung and Haung (21) was chro-
matographed on Sepharose 4B (22).

Induction ofDNA Single-Strand
Breaks and DNA-Protein Crosslinks
To confirm if DNA single-strand breaks
found in mouse lung in vivo can be
observed also in an in vitro cell culture sys-

tem, we determined the strand breaks in L-
132 cells exposed to DMAA by the alkaline
elution method (15). When L-132 cells
were incubated in medium containing
DMAA at concentrations of 5, 7.5, and 10
mM for 12 hr, concentration-dependent
single-strand breaks occurred. Further-
more, as shown in Figure 1, in the case of
exposure to 10 mM DMAA, the induction
of the single-strand breaks was dependent
on the duration of incubation with the
DMAA. The breaks were not detected up
to 6 hr incubation but were observed
remarkably at 8 to 12 hr after start of
DMVAA exposure. To evaluate the recovery
from the breaks, we first exposed L-132
cells to 10 mM DMAA for 12 hr and then
transferred them to DMAA-free medium;
thereafter, the degree of the single-strand
breaks was determined by the alkaline elu-
tion assay. The recovery proceeded time-
dependently; the breaks were partially
recovered at 2 to 4 hr and fully at 6 hr after
transfer into the DMAA-free medium.

On the other hand, for the measure-

ment of DNA-protein cross-links, the filter
binding assay was performed (16). As
shown in Table 1, the amount of DNA
retained on the filter was not changed up
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Figure Chromatography of the chromatin from L-132
cells after exposure to DMM. L-132 cells prelabeled with
[3H] thymidine and [14Cilysine were left untreated (A) or
treated (B) with 10 mM DMAA for 12 hr in Eagle's MEM
supplemented with 10% fetal calf serum. The soluble
chromatin from the cells was chromatographed on
Sepharose 4B. 3H-radioactivity (0) of DNA and 14C-
radioactivity (0) of nuclear proteins in each fraction were
measured in a liquid scintillation counter. The chromato-
graphic conditions were as follows: column size, 1.6 x 20
cm; eluent, 0.45 M NaCI/10 mM sodium bisulfite/10 mM
EDTA/25 mM Tris-HCI (pH7.0); fraction size, 2 ml; flow
rate, 0.2 ml/min.

to 6 hr but increased by 12 hr after expo-

sure to DMAA. These results indicate that
DNA single-strand breaks and DNA-pro-
tein cross-links occur similarly in mouse

lung in vivo (11,16) and in L-132 cells in
vitro (15,16), suggesting that the present
in vitro system is useful to analyze the
DNA damage observed in the in vivo
experiments.

Characterization ofDNA-Protein
Cross-finks
To characterize the type of the cross-links
induced by the DMAA treatment, the
chromatin, with its DNA and nuclear pro-

teins prelabeled with [3H]thymidine and
[14C]lysine, respectively, prepared from L-
132 cells, was sheared in a buffer containing
0.45 M NaCl using a Polytron homoge-
nizer. Under this condition, linker histone
(HI) and nonhistone proteins are dissoci-
ated from DNA but core histone proteins
are not (22). The soluble chromatin sample
was separated on Sepharose 4B column
chromatography, and each fraction was

measured for 3H-radioactivity of DNA
and 14C-radioactivity of protein (16). The
control sample gave two peaks (Figure 2A);
one was DNA-core histone complex in the

Table 1. DNA-protein cross-links induced by exposure
of l-132 cells to DMAA.a

Incubation Viability, DNA retained
time, hr % on filter, %

0 93.8 5.7
6 85.5 5.4
12 92.3 23.7

aCells were treated with 10mM DMAA in the medium.
DNA-protein cross-links were detected by the filter-bind-
ing assay.

void volume and the other, free nuclear
proteins (HI and nonhistone proteins). The
sample from the cells exposed to 10 mM
DMAA for 12 hr, on the other hand,
showed a marked change; some 3H-radioac-
tivity appeared in the fraction of free
nuclear proteins, indicating the presence of
DNA fragments associated with the pro-
teins (Figure 2B). This result indicates that
the formation ofDNA cross-links occurred
not only with core histone, but also with
HI or nonhistone proteins. The cross-link
between DNA and nuclear proteins was
dissociated by the treatment with 6 M
guanidine hydrochloride (16). As it is
known that the bonds of phosphoserine
and phosphothreonine are labile to 6 M
guanidine hydrochloride (23), the cross-
link formation is thus very likely due to the
binding between phosphate moieties of
DNA and serine or threonine residues of
H1 histone or nonhistone proteins (16).

Formation ofAP Sites in DNA in
DMAA-Treated L-132 Cells
To clarify DNA damage induced at the
early stage after exposure to DMAA, we
used alkaline agarose gel electrophoresis to
examine whether the exposure to DMAA
of L-132 cells formed alkali-labile sites in
DNA. As shown in Figure 4, DNA in the
cells exposed to DMAA for 6 hr underwent
a greater degree of alkaline hydrolysis than
control DNA. This result indicates that, by
exposure of L-132 cells to 10 mM DMAA,
alkali-labile sites were formed in the DNA
prior to the induction of DNA single-
strand breaks and DNA-protein cross-links,
suggesting the formation of AP sites in
DNA at an early stage ofDMAA exposure.
On the other hand, Liuzzi and Talpaert-
Borle (24) reported that methoxyamine
bound to aldehyde groups of AP sites in
DNA and that the methoxyamine-bound
AP sites were more resistant to the hydroly-
sis than nonbound AP sites under alkaline
conditions. In fact, when L-132 cells were
exposed to DMAA for 6 hr, the DNA
preteated with methoxyamine became
alkali-resistant (Figure 3). These results
indicate that DMAA-treated L-132 cells
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Figure 3. Alkaline agarose gel electrophoresis of DNA
from DMAA-treated L 132 cells. L-132 cells were treated
with 10 mM DMAA for 6 hr in Eagle's MEM supple-
mented with 10 % fetal calf serum. DNA was isolated by
phenol extraction from the cells and then treated with
restriction emzyme (Kpn 1). The digested DNA in alkaline
loading buffer (50 mM NaCI/1 mM EDTA/2.5%
Ficoll/0.025% bromocresol green) was analyzed by 0.5%
agarose gel electrophoresis in 30 mM NaOH/1 mM EDTA.
The detection of DNA was performed by ethidium bro-
mide staining. Lane M, I-Hind Ill digest; lane 1, DNA from
L-132 cells treated with 10 mM 0MMA for 6 hr; lane 2,
DNA from L-132 cells treated with 10 mM 0MAA for 6 hr
and 5 mM methoxyamine;- lane 3, DNA from nontreated
cells (control).
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Figure 4. Proposed mechanism of DNA damage by the free radicals produced in the metabolic processing of DMAA.

formed AP sites in the DNA prior to the
induction of DNA strand scissions (15)
and DNA-protein cross-links (16).

Discussion
Based on the present study, we propose a
possible pathway of DNA damage induced
by dimethylarsenics, as schematically
shown in Figure 4. We had assumed that
lung-specific DNA damage induced by
DMAA administration in mice might be
attributed to the dimethylarsenic peroxyl
radical [(CH3)2AsOO*] and active oxygens
produced in the metabolic processing of
DMAA (12). We even speculated that
DNA single-strand breaks and DNA-pro-
tein cross-links were directly caused by
these radicals, as in the case of ionizing
radiation (11). However, the results obtained
from the present study may not fully support
our previous speculation. Here we assume
that DNA single-strand breaks and DNA-
protein cross-links in L-132 cells exposed
to DMAA may be indirectly caused by
these radicals via the formation of AP sites

in DNA. As regards the induction mecha-
nism of DNA damage, we estimated that
the cross-link formation occurred by a
Schiff-base reaction between amino groups
of nuclear proteins, particularly of H 1 and
nonhistone proteins, and aldehyde groups
ofAP sites in DNA and that the induction
ofDNA single-strand breaks occurred after
a :-elimination reaction at AP sites in the
DNA. On the other hand, some of the base
damage induced by exposure to alkylating
agents such as N-methyl-N-nitrosourea and
dimethylsulfate is known to be repaired
through the excision of damaged bases by
the action of DNA glycosylase, which
hydrolyses N-glycosyl bonds to form AP
sites in DNA (25). The formation of AP
sites is considered one of the important
processes of excision repair of not only
alkylated bases, but also a variety of DNA
adducts. We therefore speculate that the
exposure of L-132 cells to DMAA might
cause enzymatic formation of AP sites in
DNA via the production of base damage
such as DNA-adduct formation (15).

REFERENCES

1. IARC. Some Metals and Metallic Compounds.IARC Monographs
on the Evaluation of the Carcinogenic Risk of Chemicals to
Humans: vol 23, Lyon:International Agency for Research on
Cancer, 1980; 39-141.

2. IARC. Overall Evaluations of Carcinogenicity: An Updating of

IARC Monographs, Vols 1 to 42, IARC Monographs on the
Evaluation of the Carcinogenic Risk of Chemicals to Humans,
Suppl 7, Lyon:International Agency for Research on Cancer, 1987;
100-106.

3. Rossman TG. Enhancement of UV-mutagenesis by low concentra-

Volume 102, Supplement 3, September 1994 287



KATO ETAL.

tions of arsenite in E. coli. Mutat Res 91:207-211 (1981).
4. Lee T-C, Huang RY, Jan KY. Sodium arsenite enhances the cyto-

toxicity, clastogenicity, and 6-thioguanine-resistant mutagenicity of
ultraviolet light in Chinese hamster ovary cells. Mutat Res
148:83-89 (1985).

5. Lee T-C, Wang-Wuu S, Huang RY, Lee K. Differential effects of
pre- and posttreatment of sodium arsenite on the genotoxicity of
methyl methanesulfonate in Chinese hamster ovary cells. Cancer
Res 46:1854-1857 (1986).

6. Li J-H, Rossman TG. Mechanism of comutagenesis of sodium
arsenite with N-methyl-N-nitrosourea. Biol Trace Element Res
21:373-381 (1989).

7. Li J-H, Rossman TG. Inhibition ofDNA ligase activity by arsenite:
a possible mechanism of its comutagenesis. Mol Toxicol 2:1-9
(1989).

8. Okada S, Yamanaka K, Ohba H, Kawazoe Y. Effect of inorganic
arsenics on cytotoxicity and mutagenicity of ultraviolet light on
Escherichia coli and the mechanism involved. J Pharm Dyn
6:496-504 (1983).

9. Yamanaka K, Ohba H, Hasegawa A, Sawamura R, Okada S.
Mutagenicity of dimethylated metabolites of inorganic arsenics.
Chem Pharm Bull 37:2753-2756 (1989).

10. Yamanaka K, Hasegawa A, Sawamura R, Okada S. DNA strand
breaks in mammalian tissues induced by methylarsenics. Biol Trace
Elem Res 21:413-417 (1989).

11. Yamanaka K, Hasegawa A, Sawamura R, Okad, S. Dimethylated
arsenics induce DNA strand breaks in lung via the production of
active oxygen in mice. Biochem Biophys Res Commun 165:43-50
(1989).

12. Yamanaka K, Hoshino M, Okamoto M, Sawamura R, Hasegawa A,
Okada S. Induction ofDNA damage by dimethylarsine, a metabolite
of inorganic arsenics, is for the major part likely due to its peroxyl
radical. Biochem Biophys Res Commun 168:58-64 (1990).

13. Yamanaka K, Hasegawa A, Sawamura R, Okada S. Cellular
response to oxidative damage in lung induced by the administration
of dimethylarsinic acid, a major metabolite of inorganic arsenics, in
mice. Toxicol AppI Pharmacol 108:205-213 (1991).

14. Nakano M, Yamanaka K, Hasegawa A, Sawamura R, Okada S.
Preferential increase of heterochromatin in venular endothelium of

lung in mice after administration of dimethylarsinic acid, a major
metabolite of inorganic arsenics. Carcinogenesis 13:391-393
(1992).

15. Tezuka M, Hanioka K, Yamanaka K, Okada S. Gene damage
induced in human alveolar type II (L-132) cells by exposure to
dimethylarsinic acid. Biochem Biophys Res Commun
191:1178-1183 (1993).

16. Yamanaka K, Tezuka M, Kato K, Hasegawa A, Okada S. Crosslink
formation between DNA and nuclear proteins by in vivo and in
vitro exposure of cells to dimethylarsinic acid. Biochem Biophys
Res Commun 191:1184-1191 (1993).

17. Ichikawa I, Yokoyama E. Studies on the mechanism of lung surfac-
tant secretion. Dipalmitoyl-lecithin secretion of the cultured L-132
cells. J Jap Med Soc Biol Interface 8:19-26 (1977).

18. Kohn KW, Ewig RAG, Erickson LC, Zwelling LA. Measurement
of strand breaks and cross-links by alkaline elution. In DNA
Repair, a Laboratory Manual of Research Procedures, Vol 1, Part B
(Friedberg EC. Hanawalt PC, eds). New York:Marcel Dekker,
1981; 379-401.

19. Sambrook J, Fritsch EF, Maniatis T. Molecular Cloning, a
Laboratory Manual, 2nd ed, Cold Spring Harbor:NY, Cold Spring
Harbor Laboratory Press, 1989.

20. Strniste GF, Rall CS. Induction of stable protein-deoxyribonucleic
acid adducts in Chinese hamster cell chromatin by ultraviolet light.
Biochemistry 15:1712-1719 (1976).

21. Huang RC, Huang PC. Effect of protein-bound RNA associated
with chick embryo chromatin on template specificity of the chro-
matin. J Mol Biol 39:365-378 (1969).

22. Mee LK, Adelstein SJ. Predominance of core histones in formation
of DNA-protein cross-links in y-irradiated chromatin. Proc Natl
Acad Sci USA 78:2194-2198 (1981).

23. Cress AE, Bowden TG. Covalent DNA-protein crosslinking occurs
after hyperthermia and radiation. Radiat Res 95:610-619 (1983).

24. Liuzzi M, Talpaert-Borle M. A new approach to the study of the
base-excision repair pathway using methoxyamine. J Biol Chem
260:5252-5258 (1985).

25. Friedberg EC, ed. DNA Repair. New York:WH Freeman and
Company, 1985.

288 Environmental Health Perspectives


